ABSTRACT: Electroconductive hydrogels are used in a wide range of biomedical applications, including electrodes for patient monitoring and electrotherapy, or as biosensors and electrochemical actuators. Approaches to design electroconductive hydrogels are often met with low biocompatibility and biodegradability, limiting their potential applications as biomaterials. In this study, composite hydrogels were prepared from a conducting polymer complex, poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) dispersed within a photo-crosslinkable naturally derived hydrogel, gelatin methacryloyl (GelMA). To determine the impact of PEDOT:PSS loading on physical and microstructural properties and cellular responses, the electrical and mechanical properties, electrical properties, and biocompatibility of hydrogels loaded with 0−0.3% (w/v) PEDOT:PSS were evaluated and compared to GelMA control. Our results indicated that the properties of the hydrogels, such as mechanics, degradation, and swelling, could be tuned by changing the concentration of PEDOT:PSS. In particular, the impedance of hydrogels decreased from 449.0 kOhm for control GelMA to 281.2 and 261.0 kOhm for hydrogels containing 0.1% (w/v) and 0.3% (w/v) PEDOT:PSS at 1 Hz frequency, respectively. In addition, an ex vivo experiment demonstrated that the threshold voltage to stimulate contraction in explanted abdominal tissue connected by the composite hydrogels decreased from 9.3 ± 1.2 V for GelMA to 6.7 ± 1.5 V and 4.0 ± 1.0 V for hydrogels containing 0.1% (w/v) and 0.3% (w/v) PEDOT:PSS, respectively. In vitro studies showed that composite hydrogels containing 0.1% (w/v) PEDOT:PSS supported the viability and spreading of C2C12 myoblasts, comparable to GelMA controls. These results indicate the potential of our composite hydrogel as an electroconductive biomaterial.
INTRODUCTION
Electroconductive hydrogels have shown promise in a wide range of applications where a mechanically flexible and hydrated conductive material is required, such as coatings on electrodes for monitoring and/or defibrillation, 1−3 implantable neural electrodes, 4−6 on-demand drug delivery vehicles, 7 soft actuators, 8 and tactile sensors. 9 Devices and materials that are intended to interface with tissues should be engineered to closely match both the physical and chemical properties of the target tissue. Because the function of both neural and muscle tissue is highly dependent on electrochemical signaling between or within cells, 10 materials that interact with them should also be designed with electroconductivity similar to the native tissue. Cardiac muscle and neural tissues often exhibit low regenerative potential, which has inspired the development of electroconductive and biocompatible materials and devices to improve tissue function. 11−19 Traditionally, materials intended to deliver or record electrical signals are made of brittle materials commonly used in the semiconductor industry. However, these materials, including metals and silicon are orders of magnitude stiffer than human tissues, and this mechanical mismatching can lead to inflammation, scar formation, and ultimately device failure. This has inspired efforts to design flexible electroconductive materials to interface with human tissues. 20 Hydrogels are advantageous for many biomedical applications due to their ability to mimic the physical and hydrostatic properties of native tissues, improving the compatibility of implanted devices and materials. 21, 22 However, most hydrogels possess poor electrical properties due to the nature of the chemical building blocks used and resultant polymer network that is formed. Another challenge is that engineered electroconductive hydrogels have often been met with limited biocompatibility and/or biodegradability. 12, 23, 24 For example, incorporating conductive dopant materials such as copper into polyacrylamide hydrogels enhanced bulk material conductivity, yet copper is cytotoxic to several mammalian cell types. 25 Composites containing nonbiodegradable conductive materials such as carbon nanotubes could leave cytotoxic residues or induce fibrosis in the tissue following the digestion of biodegradable components. 26, 27 Conductive polymers (CPs) are a favorable alternative to metallic or carbon-based conductive materials for many biomedical applications due to their versatility and enhanced biocompatibility. 13, 28 Unlike many conductive materials, these CPs can be tailored for aqueous dispersion with minor losses in conductivity, which is crucial for biological applications. In addition, CPs contract in the presence of an electric field, which broadens their applications for electrochemical actuation and drug delivery. 29, 30 For example, on-demand release of biotinylated nerve growth factor (NGF) was achieved by controlled electrical pulses when loaded onto films of polypyrrole (PPy). 31 Other CPs, CP composites, and CPcarbon nanotube (CNT) composites have been explored for their use as actuators, such as polyaniline (PANI), PANI-CNT, and PPy-PANI. 32 However, most CPs are nonbiodegradable, hydrophobic, and have chemical properties that do not accurately mimic those of the native extracellular matrix (ECM). On the other hand, PEDOT:PSS has been reported as a CP-based biomaterial for bone regeneration, 33 it is easily dispersed in aqueous solutions, it maintains a significant amount (∼80%) of its conductive properties in physiological conditions, 34 and is expected to be cleared by the renal system in the body. 35 In addition, although long-term toxicity and biodegradation studies are required to validate PEDOT:PSS as an implantable material, short-term in vivo studies involving polyethylene glycol (PEG)-PEDOT:PSS particles have demonstrated that it did not induce toxicity in mice and had a long blood circulation half-life. 36 Although PEDOT:PSS is conductive by itself, 37 it does not contain bioactive ligands and does not form hydrogels alone.
Gelatin methacryloyl (GelMA) hydrogels are derived from collagen, the most abundant protein in the body, and have been shown to support the growth of a range of cell types seeded within or on their structures. 38 The methacryloyl functionalization of gelatin imparts crosslinking ability in the presence of a photoinitiator, allowing for tunable structural and physical properties and rapid gelation kinetics. 38 In addition to tunable physical properties, the arginine-glycine-aspartic acid (RGD) motifs that are present along the peptide backbone in gelatin promote cell attachment and spreading via integrin binding, providing opportunities to utilize it for applications that require direct interaction with cells. 39, 40 Both the amide bonds in the peptide chain and the bonds responsible for crosslinking are susceptible to hydrolytic degradation under physiological conditions. Ease of synthesis and versatility has made GelMA one of the most commonly used materials to form hydrogels for biomedical applications. Here we report on the preparation of hydrogels with tunable electrical, physical, and biological properties. We leverage the bioactive and photosensitive properties of GelMA (Figure 1a ) with the conducting properties of a water-dispersible conducting polymer complex, PEDOT:PSS (Figure 1b) , to form mechanically flexible and electroconductive hydrogels with tunable properties. Various concentrations of PEDOT:PSS (0, 0.1, 0.3% w/v) were mixed with GelMA prepolymer solution and sonicated to disperse the conductive component throughout the prepolymer solution before crosslinking ( Figure  1c, d) . To evaluate the potential of these composite hydrogels for biomedical applications, we investigated their mechanical and electrical properties, swelling ratio, and in vitro degradation rate. Further, the material was utilized to encapsulate C2C12 myoblasts to evaluate its in vitro cytocompatibility.
EXPERIMENTAL SECTION
2.1. Materials. Gelatin from cold water fish skin, methacrylic anhydride, 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) and gold-coated glass slides with a titanium adhesive layer and 100 nm gold coating were purchased from Sigma-Aldrich (St Louis, MO, USA). Dulbecco's modified phosphate buffer saline (DPBS) with no calcium or magnesium was purchased from GE Healthcare Life Sciences (Logan, Utah). PEDOT:PSS was in the form of an aqueous dispersion called Clevios PH 1000 and was purchased from Heraeus (Hanau, Germany). Calcein AM and Ethidium homodimer-1 for live/dead assay and DAPI and Phalloidin conjugated to AlexaFluor 488 for actin/DAPI assay were purchased from Invitrogen (Carlsbad, CA). An Omnicure S2000 UV illumination system from Excelitas Technologies (Waltham, MA) equipped with a 365 nm filter was used for photo-cross-linking of the precursor solutions.
2.2. Preparation of GelMA/PEDOT:PSS Hydrogels. Photocross-linkable GelMA prepolymer with ∼80% methacryloyl functionalization degree was first synthesized using a previously reported procedure. 41 Briefly, 10 g of gelatin from cold water fish skin was dissolved in 100 mL of DPBS at 60°C. Once fully dissolved, 8 mL of methacrylic anhydride (Sigma) was added dropwise to the solution and allowed to homogenize. After 3 h of reaction, 300 mL of preheated DPBS at 60°C was added to the solution to stop the reaction. This solution was dialyzed against deionized (DI) water in dialysis tubing with molecular weight cutoff (MWCO) of 12−14 kDa for 5 days, with DI water changed twice daily. After dialysis, the GelMA was lyophilized for 4 days to generate a fibrous white foam.
To form the hydrogels, we dissolved 7% (w/v) GelMA prepolymer in DI water containing 0.5% (w/v) photoinitiator, a concentration known to be nontoxic to cells encapsulated within GelMA hydrogels. 42 Commercially available PEDOT:PSS solution (Clevios PH 1000) was also sterile filtered (0.22 μm) to remove large aggregates. The concentration of the solution, after filtering, was found to be 0.959 wt % by drying and weighing. Because PEDOT:PSS tends to aggregate at higher temperatures, 43 the PEDOT:PSS solution was sonicated for 30 min after filtration at 4°C. PEDOT:PSS was added to solutions of GelMA to make 0.1% and 0.3% of final volume. Control GelMA sample with no PEDOT:PSS was also prepared. Appropriate amounts of 10X DPBS (no calcium, no magnesium) were added to each solution to make the salt content of the final solution to be that of 1X DPBS and the solutions were again sonicated at 4°C for 30 min to disperse the particles in the prepolymer solution before cross-linking (365 nm at 1.8 mW/cm 2 ). 2.3. Scanning Electron Microscopy (SEM). Cylindrical samples of 60 μL volume (6.0 mm D × 2.0 mm H) were crosslinked for 200 s with UV light and lyophilized using an Isotemp −80°C freezer from Fisher Scientific (Hampton, NH) and a FreeZone 4.5 lyophilizer from Labconco (Kansas City, MO). Samples were then sectioned in half with a razor blade and sputter coated with a Pt/Pd alloy. SEM images were obtained on a Hitachi S4800 SEM operating at 3.0 kV and 9−10 mm working distance.
2.4. Particle Size Measurements. GelMA/PEDOT:PSS solutions were prepared as detailed in Section 2.2. The average size and distribution of PEDOT:PSS particles in the liquid prepolymer solutions were measured using a Dynamic Light Scattering (DLS) instrument (Malvern Zetasizer, Westborough, MA). The sizes of the particles from SEM images taken from both 0.1% PEDOT:PSS and 0.3% PEDOT:PSS were measured using ImageJ software (NIH). A total of four images were used for measurements, and 50 particles were measured per image.
2.5. Swelling Ratio. Cylindrical samples (60 μL) were prepared and cross-linked as described in Section 2.2, followed by lyophilization. Dry weights were recorded and the samples were submerged in DPBS and then placed into an incubator at standard culture conditions (37°C ; 5% CO 2 ). Samples were removed and weighed at different time points (1, 4, 8, 12 , and 24 h). The swelling ratio was calculated following the equation: (W wet − W dry )/W dry × 100%, where W dry is the weight after lyophilizing and W wet is after removal from DPBS.
2.6. Degradation and Stability Test. Cylindrical samples were prepared, cross-linked and lyophilized as described above. Dry weights were measured at time point 0, and then samples were submerged in 1× DPBS supplemented with 10% fetal bovine serum (FBS) and incubated at 37°C. The samples were removed from the solution at different time points of 1, 7, and 14 days, at which point they were rinsed with DI water, lyophilized, and the degraded dry weight was recorded. Degradation was calculated based on their weight loss.
To assess the stability of PEDOT:PSS in GelMA, we measured UV−vis spectra of the DPBS storage media with a SpectraMax M3 plate reader (Molecular Devices, Sunnyvale, CA) up to 14 days of incubation. Hydrogel samples were prepared as outlined in Section 2.2, cut into smaller cylinders with a 3 mm biopsy punch, and placed into wells of a 96-well plate containing 200 μL of DPBS and sealed in Parafilm (Bemis NA, Neenah, WI) to prevent water evaporation when stored at 37°C. Hydrogel samples were removed from the wells before recording UV−vis spectra and were replaced into their respective wells after taking measurements.
2.7. Mechanical Testing. Tensile testing was performed using an Instron 5944 mechanical tester on 60 μL rectangular hydrogels crosslinked in rectangular molds (13.0 mm L × 5.0 mm W × 0.82 mm H). After cross-linking, gels were swollen in DPBS for 16 h at 37°C so that they reached maximum swelling ratio before testing. Tensile testing was run at a rate of 1 mm/min until failure. Young's, or elastic modulus, was taken as the slope of the linear portion of the curve from 0 to 10% strain. Ultimate tensile strain was taken as the strain point at which hydrogel samples broke.
Compression testing was performed using an Instron 5944 mechanical tester on 60 μL cylindrical gels crosslinked in cylindrical molds (6.0 mm D × 2.0 mm H). After crosslinking, gels were swollen in DPBS for 16 h at 37°C so that they reached maximum swelling ratio before testing. Hydrogels were compressed in a bath of DPBS at room temperature at a rate of 1 mm/min until 70% strain to prevent damage to the equipment. Three samples were tested at each concentration of PEDOT:PSS. Compressive modulus was taken as the slope of the linear portion of the curve from 0 to 10%.
Electrochemical Impedance Spectroscopy (EIS)
. EIS measurements were performed at room temperature on a CH Instruments (Austin, TX, USA) electrochemical workstation. The apparatus was composed of two 12 mm × 12 mm glass slides coated with 100 nm of gold (Sigma-Aldrich). The electrodes were connected to copper wires with silver paste, and this connection was covered with epoxy resin to prevent tarnishing of the silver. Cylindrical hydrogels (60 μL) were swollen in DI water for 16 h at 37°C to remove the salt ions present in DPBS. The water was replaced with fresh DI twice in this time. Because hydrogels were swollen overnight and had different sizes after swelling, circular sections of the hydrogels were punched with a 0.8 cm biopsy punch and sandwiched between the gold-coated glass slides. A 0.65 mm polydimethylsiloxane (PDMS) spacer was placed around the gel to maintain a constant distance between the electrodes. The top electrode was then taped down on the spacer to maximize contact between the electrodes and the hydrogel. Measure-ments were recorded between 0.1 and 100 Hz with an AC amplitude of ±10 mV.
2.9. Ex Vivo Tissue Stimulation. Directly after euthanizing rats by exsanguination, the rectus abdominis muscle was dissected and sectioned into 0.5 cm × 1.5 cm pieces. Two pieces of tissue were placed at a distance of 1 cm in a PDMS mold, and 150 μL of the precursor was pipetted and cross-linked between them with UV light for 200 s. To test wave propagation through the conductive hydrogel, electrical stimulation was performed on one of the tissue sections using a 3320A 20 MHz Function/Arbitrary Waveform Generator (Agilent, Santa Clara, CA, USA) connected to two platinum wires at 1 Hz pulses with a duration of 50 ms. Voltage was raised from 1 V pp until both pieces of tissue connected with the hydrogel visually contracted. The excitation threshold was taken as the minimum voltage required to induce contraction of the explanted tissue.
2.10. Cell Encapsulation. C2C12 cells (ATCC CRL1772) were cultured under standard conditions (37°C; 5% CO 2 ) with Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Life Technologies).
To form cell-laden hydrogels, we prepared 7% hydrogel precursor solution as previously described (Section 2.2), but media was used as the solvent under sterile conditions. Cells were detached using trypsin-EDTA (0.25% v/v), centrifuged, and resuspended in the precursor solution at 10 million cells/mL before cross-linking. The precursor/ cell solution (7 μL) was sandwiched on a Petri dish between two 150 μm spacers. A 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) coated glass slide was then placed on top of the solution and placed in a UV box to be cross-linked. Exposure time varied between 25 and 30 s, depending on the concentration of PEDOT:PSS. Samples were cultured in 24 well plates with 400 μL of media. Media was changed twice in the first 30 min after cross-linking to remove unreacted photoinitiator, and subsequently changed daily. Live/Dead and Actin/ DAPI assays were performed on days 1, 3, and 5. Fluorescence imaging was performed on an Axio Observer Z1 inverted microscope (Carl Zeiss, Oberkochen, Germany). Cell viability was quantified using ImageJ software (NIH) from Live/Dead images.
For Live/Dead assay, cells were stained with calcein AM (live) or ethidium homodimer-1 (dead) and incubated for 15 min. After staining, scaffolds were washed with DPBS three times and wells were filled with 400 μL of DPBS before imaging. For Actin/DAPI assay, cells were fixed in 4% paraformaldehyde for 45 min and washed three times with DPBS with 5 min intervals between washes. This was followed by permeabilization with 0.1% Triton X-100 in DPBS for 20 min. Filamentous actin was stained with AlexaFluor 488 conjugated to Phalloidin for 45 min and washed three times with DPBS, followed by staining of the cell nuclei with DAPI for 5 min and three washes with DPBS. Fluorescent images were obtained on an inverted microscope (Zeiss Axio Observer Z1).
2.11. Statistical Analysis. All experiments were performed at least in triplicate, and data are presented as mean ± standard deviation (SD). Statistical analysis was performed in GraphPad Prism software. One-way ANOVA tests were performed to determine statistical significance, and P values less than 0.05 were considered as significant.
RESULTS AND DISCUSSION
3.1. Physical and Microstructural Characterization of Composite Hydrogels. SEM images of pure GelMA (Figure  2a, d ) and composite GelMA/PEDOT:PSS (Figure 2b, c, e, f) hydrogels revealed the presence of homogeneously distributed particles both embedded in, and adsorbed onto the hydrogel pore walls (Figure 2e, f) but not in pristine GelMA hydrogels (Figure 2d ), which showed smooth pore walls. The presence of these particles throughout the composite materials correlated well with the hydrogel's homogeneous opaque color ( Figure  1d ) and electrical properties, which is attributed to PEDOT:PSS. In addition, particle size measurement before cross-linking (using DLS) and after cross-linking (using SEM) suggest that the particles observed correspond most likely to PEDOT:PSS particles. The average particle size of the strongest peak of DLS measurements before cross-linking was 209.0 ± 19.6 nm, and represents approximately 82% of the particles in the spectrum ( Figure S1a ). Approximately 94% of particles measured from SEM images were in the range of 100−500 nm, with a distribution centered at 243.6 nm ( Figure S1b) . A representative SEM image at high magnification that was used to measure particle size is shown in Figure S1c . The DLS and SEM sizes are within experimental error and are thus evidence that the particles in SEM images are likely dispersed aggregates of PEDOT:PSS. Patton et al. dispersed PEDOT:PSS within a poly(vinyl alcohol) (PVA) hydrogel that showed visible phase separation at low concentrations of PEDOT:PSS, where the particles preferentially aggregated in the center of the resulting hydrogels. 44 This phenomenon was not observed herein, suggesting homogeneous distribution of the conductive material in the GelMA network and their immobilization within the hydrogel, which may be due to the repeated cycles of sonication prior to photopolymerization.
Photo-crosslinked hydrogel systems enable precise control over the mechanical properties simply by varying light exposure time, and prepolymer and photoinitiator concentrations. 45 In particular, GelMA-based hydrogel formulations have been tuned to exhibit compressive moduli ranging from 1 to 100 kPa to mimic the properties of different tissues. 38, 46 Similar to previous reports, the compressive modulus of our composite hydrogels increased with crosslinking time from 100 to 200 s ( Figure S2a ). In addition, we found that compressive modulus decreased slightly with the loading fraction of PEDOT:PSS ( Figure S2b ) from 3.6 ± 0.1 kPa for pure GelMA to 3.1 ± 0.2 kPa and 2.7 ± 0.06 kPa for hydrogels containing 0.1% (w/v) and 0.3% (w/v) PEDOT:PSS, respectively, when exposed to UV light for 200 s. Although the bulk compressive modulus of our samples decreased slightly with increasing PEDOT:PSS concentration, we noted that at higher strain level, in the densification portion of the stress/strain curves (indicated by the arrow in Figure S3a ), the hydrogels containing PEDOT:PSS possessed a higher stress when compared to pristine GelMA hydrogels. In this later region of the stress/ strain curves (at 40−50% strain level), the modulus for composite hydrogel containing 0.3% PEDOT:PSS was 1.4-fold higher than pristine GelMA hydrogels ( Figure S3b ). This may be due to the strong interactions of PEDOT:PSS with guanidinium groups of arginine in the gelatin backbone, 47 as well as contacts between the pore walls containing rigid PEDOT:PSS particles as the hydrogels were compressed.
Furthermore, results of tensile testing for the composite hydrogels yielded Young's moduli ranging from 7.6 ± 2.3 kPa to 10.3 ± 2.7 kPa with no significant difference among tested materials containing different concentration of PE-DOT:PSS (Figure 2g ). However, hydrogel samples containing 0.3% PEDOT:PSS also exhibited significantly higher ultimate tensile strain compared to other concentrations tested ( Figure  S4 ). This enhanced extensibility could be due to electrostatic interactions between PSS and the gelatin backbone, resulting in reversible bonding in the composite system and a more stretchable network. Representative stress−strain curves from tensile testing of the hydrogel samples are shown in Figure 2h .
Swelling ratio have significant effects on the volume, mechanical properties, molecular diffusion and ultimately the integration of hydrogels with surrounding tissues. 48, 49 In our study, the swelling ratio was found to decrease from 731.8 ± 23.2% for pure GelMA hydrogels to 648 ± 29.4% and 622.5 ± 9.30% for composite hydrogels containing 0.1% and 0.3% PEDOT:PSS, respectively (Figure 2i ) after 24 h in DPBS. All hydrogels reached their maximum swelling ratio after 8 h of incubation in DPBS at 37°C ( Figure S5 ). In addition, our results showed that the in vitro hydrolytic degradation rates at early time points (day 1) of the composite hydrogels increased concomitantly from 11.8 ± 2.1% for pure GelMA to 16.2 ± 0.8% and 24.1 ± 3.2% for 0.1% and 0.3% PEDOT:PSS, respectively (Figure 2j) . However, the degradation rate leveled out quickly for hydrogels containing PEDOT:PSS. The observed lower swelling ratio and increased early degradation for composite hydrogels might be a result of a slightly lower degree of crosslinking in the samples containing PEDOT:PSS particles, causing un-crosslinked GelMA to diffuse from the matrix. Possible explanations for these results could be reduced light penetration in the samples, or cross-reactivity of the radical with the conjugated polymer, PEDOT. As earlier reports have shown that the presence of PEDOT:PSS (1.3% w/v) increased light scattering and decreased transmittance at 550 nm from >90% to 70% as thin film thicknesses increase from 50 to 300 nm, this observation may be more likely as a result of decreased light penetration in the samples containing PEDOT:PSS. 50 On the other hand, GelMA polymerization and hydrogel formation usually take place on the order of seconds or minutes, 42, 51 whereas PEDOT polymerization normally requires hours or days, even in the presence of a radical. 52, 53 This suggests that the kinetics of radical polymerization of GelMA are much faster than radical polymerization of PEDOT, and there is likely little reactivity of the radical initiator with PEDOT.
Because the PEDOT:PSS particles in this study were simply dispersed in the GelMA hydrogels, we sought to determine if the conductive particles would leach out into surrounding media as the network degraded, which would ultimately diminish the conductivity of the bulk material. UV−vis absorbance measurements were taken of DPBS storage solutions surrounding the hydrogels during a degradation study to determine if PEDOT:PSS was diffusing out of the hydrogels. An increased absorbance of the saline in wavelengths ranging from ∼400−1000 nm would signify a higher content of PEDOT:PSS in the saline (Figure S6a) , indicating significant diffusion of PEDOT:PSS from the crosslinked matrix. However, for hydrogels containing PEDOT:PSS, we observed very minor change in the absorbance spectra ( Figure S6c, d) . The increased absorbance in the DPBS solution surrounding GelMA hydrogels corresponds to degraded GelMA polymer fragments, as this increase corresponds with the absorbance of GelMA precursor ( Figure S6b ). These data suggest that the hydrogels containing PEDOT:PSS might be chemically more stable to degradation than those without it, possibly due to PEDOT:PSS particles preventing hydrolysis of ester and amide groups in the hydrogel network.
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3.2. Conductivity Characterization. Ion transport in electroactive tissues naturally occurs at a range of frequencies and in a bidirectional, alternating fashion. Thus, impedance spectroscopy, which accounts for electron transfer from capacitive and resistive effects, was implemented for measuring the electrical properties of biomaterials for interfacing with living tissue. 54 All the hydrogels investigated exhibited low impedance at high applied frequencies, as shown in Figure 3a , due to capacitive currents in the gels. 55 At lower frequencies similar to those in electroactive biological tissues (1 Hz), resistive currents dominate and composite hydrogels containing 0.1% and 0.3% PEDOT:PSS possessed lower impedance than pure GelMA hydrogel. At 1 Hz frequency, the impedance decreased from 449.0 kOhm for plain GelMA to 281.2 kOhm and 261 kOhm for hydrogels containing 0.1 and 0.3% PEDOT:PSS, respectively. These results confirmed the enhanced electroconductivity of the hydrogels containing PEDOT:PSS.
The ability of an implanted material to conduct current between biological specimens is a major objective in the design of electroconductive biomaterials. To test this capability for our composite hydrogels, abdominal muscle tissue was explanted from Wistar rats after euthanasia. An AC electrical bias was applied to one piece of tissue at varying voltage using platinum wires connected to a pulse generator until both tissue fragments contracted, as previously reported (Figure 3b) . 11 This setup resulted in brief contractions of the explanted tissue at a low enough frequency such that they could be visually observed. The observable excitation threshold required to induce tissue contraction decreased from 9.3 ± 1.2 V to 6.7 ± 1.5 V and 4.0 ± 1.0 V as the concentration of PEDOT:PSS incorporated in the hydrogel was increased from 0% to 0.1% and 0.3%, respectively (Figure 3c , Movie S1). This decrease in excitation threshold was more profound than what was previously reported for a composite hydrogel of tropoelastin and graphene oxide (GO), 11 wherein increasing the concentration of GO from 0 to 1 mg/mL (0.1% w/v) resulted in a decrease in threshold voltage from ∼5.8 to ∼3.9 V. In summary, these results demonstrate the ability of the GelMA/PEDOT:PSS hydrogel to receive and transmit electrochemical signals from living tissue.
3.3. Cell Encapsulation in 3D GelMA/PEDOT:PSS Conductive Hydrogels. Despite their ultrahigh conductivity, dopants for increasing conductivity of biomaterials such as graphene and single-walled CNTs have been plagued with aggregation in aqueous media, long retention time in vivo, and inflammation. 56, 57 To evaluate the cytocompatibility of our engineered conductive biomaterial, C2C12 myoblast cells were encapsulated within all formulations of the GelMA/PE-DOT:PSS hydrogels. Myoblasts were selected to evaluate cytocompatibility because they are commonly used in studies of conductive materials for biomedical applications. 54, 58, 59 Cellladen gels with 150 μm thickness were formed on TMSPMAcoated glass slides via chemical bonding between GelMA and TMSPMA. Metabolically active cells are generally located at 40−200 μm from the nearest capillary, so nutrient deficiency was not expected to contribute to cell viability. 60 In addition, thin films of hydrogel prepolymer require shorter crosslinking times that are not harmful to cells. Therefore, a constant cellladen gel thickness of 150 μm was maintained to increase nutrient diffusion and minimize cell exposure to UV light. The high cell viability observed in Figures 4b, e confirmed that the incorporation of 0.1% PEDOT:PSS did not significantly affect cell viability on both days 1 and 5 as compared to control sample without PEDOT:PSS (Figures 4a, d) . However, the addition of 0.3% PEDOT:PSS exhibited a lower cell viability (Figures 4c, f) . Live/Dead images from day 3 showed a similar trend ( Figure S7a−c) . The quantification of viability ( Figure  4m ) demonstrated that cell viability was above 77% in all hydrogel formulations up to day 3. However, viability dropped at day 5 to 35.5 ± 12.1% for cells encapsulated in 0.3% PEDOT:PSS.
Cell morphology was determined by Actin/DAPI staining (Figure 4g−l) . Actin/DAPI images at day 3 showed a similar trend as those at days 1 and 5 ( Figure S7d−f) . Cell spreading, defined as the area of cell clusters divided by the number of cell nuclei within those clusters, was similar for GelMA and GelMA containing 0.1% PEDOT:PSS samples throughout 5 days of culture. However, for hydrogels containing 0.3% PEDOT:PSS, cell spreading was significantly lower on days 1, 3, and 5 of culture. For example, cell spreading was 361.6 ± 137.8 μm 2 in GelMA/0.3% PEDOT:PSS on day 1, which was 2.3-fold lower than pristine GelMA (830.5 ± 334.0 μm likely due to the anionic environment in the hydrogels that was imparted by adding PEDOT:PSS. Specifically, the anionic PSS chain (2.5× more abundant by weight than PEDOT in our dispersion) may have limited cell attachment and, as a result, created a less favorable environment for cell survival. Ai et al. showed that cells cultured on a film of PSS were less viable than those cultured on gelatin films. 61 Cell attachment is normally favored in gelatin via integrin binding since RGD groups, as well as lysine groups, are available as a result of the denaturing process. 62, 63 We hypothesize that larger amounts of PSS may limit RGD accessibility due to strong electrostatic interactions between PSS and the guanidinium groups of arginine amino acids in RGD. 47 In addition, lysine groups, which also promote cell attachment, are also altered via methacrylation of gelatin, 42 and thus add to the lower availability of cationic sites for cell attachment. Previous investigations have confirmed the necessity of RGD in protein-based materials for cell attachment by comparing attachment and spreading of cells encapsulated in or seeded on hydrogels containing the proper RGD sequence with a scrambled RDG. 64−66 At lower concentrations of PEDOT:PSS, attachment and spreading are still favored, and indicate that fewer arginine groups are bound to PEDOT:PSS particles. Our future experiments will focus on studying the effect of calcium chloride on cell attachment in GelMA/ PEDOT:PSS hydrogels. For certain biomedical applications, such as those that require the delivery of cell-laden conductive scaffolds, hydrogels containing 0.1% PEDOT:PSS may have appropriate mechanical properties, enhanced conductivity compared to pristine GelMA hydrogel, and a high degree of cytocompatibility. However, in vivo tests are required to determine the foreign body response, regenerative capability, and clearance of PEDOT:PSS particles to validate the potential of our composite hydrogel as an implantable cell-laden material for applications such as tissue regeneration.
Typical chemical crosslinking methods used for engineering conductive hydrogels or scaffolds can be toxic to cells and/or require long times, some on the order of days, 12, 35 such that cell encapsulation within these hydrogels is difficult or impossible. For example, crosslinking of a single-component polythiophene hydrogel was performed in dimethyl sulfoxide (DMSO) in the presence of 1,1′-carbonyldiimidazole (CDI), both of which are toxic to cells, and gelation took 2 days. 12 For this reason, 2D cell experiments, in which cells are seeded on top of the scaffold after complete crosslinking and/or washing, are commonly reported. While these materials may be suitable for a range of applications, 3D cell encapsulation is more informative in determining the biocompatibility and performance of a scaffold for a particular application, as it closely mimics the 3D biological microenvironment that cells are exposed to in vivo. 67 This biological microenvironment is tissue-specific and includes chemical and mechanical cues, cell−cell contacts and signaling, nutrient and metabolic byproducts circulation. 68, 69 In this report, encapsulation of cells within photo-crosslinkable and conductive gels was accomplished with relatively short crosslinking times. Furthermore, our scaffold is mainly composed of denatured collagen, and is thus better representative of the structural collagen matrix present in many soft tissues. Although we observed limited viability at the highest concentration of PEDOT:PSS that was tested, we believe efforts to neutralize charges on the PSS chain using selfassembled rosette nanotubes, for example, 40,70−75 will improve cell viability and mechanical stiffness.
CONCLUSIONS
The synthesis of conductive hydrogels for biomedical applications and cellular interfacing is still met with a number of challenges, including limited biocompatibility, biodegradability, and dispersion of dopant materials in hydrophilic prepolymer solutions. Combining the advantageous properties of hydrogels with the tunable properties of CPs may overcome some of these challenges and generate multifunctional biomaterials for a range of applications. Here, electroconductive composite hydrogels stable under physiological conditions were synthesized by combining two readily available materials, a CP (PEDOT:PSS) with a biologically derived polymer (GelMA). Physical properties of the resulting hydrogel, such as swelling, degradation, and mechanics were modulated by changing the concentration of CP incorporated within the hydrogel network. The doped hydrogels showed lower impedance than nondoped GelMA controls at physiologically relevant frequencies and enabled excitation of abdominal muscle tissue via charge potential transferred through the electroconductive 76 hydrogel. In this study, enhanced conductivity and biocompatibility up to a concentration of 0.1% PEDOT:PSS, as well as moderate degradation rate and comparable mechanics to pristine GelMA hydrogels, were shown. Impedance spectroscopy results indicate that hydrogels containing 0.1% and 0.3% PEDOT:PSS have comparable impedance, and thus increasing the concentration of PEDOT:PSS to 0.3% is unnecessary to improve electrical properties, as cell viability decreased drastically for cells encapsulated in these hydrogels 5 days post encapsulation. This hydrogel system may have utility in applications where a soft, flexible, and conductive material capable of interfacing with human tissues is needed, such as onskin electrodes or neural probes.
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